Abstract Mouse embryonic fibroblasts (MEFs) are widely used to prepare feeder layers for culturing embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) in vitro. Transportation lesions and exorbitant prices make the commercially obtained MEFs unsuitable for long term research. The aim of present study is to establish a method, which enables researchers to gain MEFs from mice and establish feeder layers by themselves in ordinary laboratories. MEFs were isolated from ICR mouse embryos at 12.5-17.5 day post-coitum (DPC) and cultured in vitro. At P2-P7, the cells were inactivated with mitomycin C or by X-ray irradiation. Then they were used to prepare feeder layers. The key factors of the whole protocol were analyzed to determine the optimal conditions for the method. The results revealed MEFs isolated at 12.5-13.5 DPC, and cultured to P3 were the best choice for feeder preparation, those P2 and P4-P5 MEFs were also suitable for the purpose. The P3-P5 MEFs treated with 10
Introduction
Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can be cultured in feeder free systems, such as in conditioned medium produced from mouse embryonic fibroblasts (MEFs) (Xu et al. 2001; Klimanskaya et al. 2005; Ludwig et al. 2006) . Under more circumstances, they are plated directly on feeder layers originated from MEFs (Thomson et al. 1998; Yu et al. 2009; Hu et al. 2011) , STO cells (Park et al. 2004; Takahashi and Yamanaka 2006) , human embryonic fibroblasts (Kibschull et al. 2011) , human placental fibroblasts (Genbacev et al. 2005) , human foreskin fibroblasts (Unger et al. 2009; Skottman 2010; Strom et al. 2010) , human skin fibroblasts (Richards et al. 2003; Tecirlioglu et al. 2010) , amniotic mesenchymal cells (Zhang et al. 2011) , etc. Human embryonic stem cells (hESCs) can even be cultured on feeder layers derived from themselves (Xu et al. 2004; Stojkovic et al. 2005; Chen et al. 2009 ). The usage of feeder layers is mainly based on the knowledge listed as follows: ESCs can get sufficient nutrition from blood or via intercellular exchange in vivo. Hence, besides culture media, feeder layers are often needed by ESCs or iPSCs cultured in vitro. In the culture systems, feeder layers can form more suitable microenvironment; can provide adequate nutrition or biological signals, such as collagens, laminins and heparan sulfate proteoglycans (Abraham et al. 2010; Hongisto et al. 2012) ; can also secret various cytokines, such as fibroblast growth factor (FGF), bone morphogenetic protein-4, activin A, transforming growth factor-b1 (Vallier et al. 2005; Prowse et al. 2007; Eiselleova et al. 2008) , etc. All of these are deemed necessary for the growth of ESCs or iPSCs, and for maintaining them in an undifferentiated state during the culture period. In brief, feeder layers can mimic the real environment in vivo, to some degree, for the ESCs or iPSCs cultured in vitro.
Among the feeder cells mentioned above, MEFs are the most widely used one, despite they may potentially bring heterogenic proteins, xenogeneic materials or pathogenic microorganisms into the culture systems. The reasons of this are that MEFs can be acquired easily and seem better than human feeder cells in terms of sustaining hESCs or iPSCs (Richards et al. 2003; Eiselleova et al. 2008) , though systematic comparisons are still wanted in this regard.
Nevertheless, there are several obstacles for researchers to obtain MEFs. Firstly, it's impractical to rely on commercial way completely. Although the ready-made MEFs can be bought directly from biological companies, after long time of transportation in dry ice, the frozen fibroblasts frequently lose their attachment ability during subsequent culture. Transportation lesions are usually the principal reason behind this. From our experience, even multimeasures have been taken to enhance the protection during delivery, the received MEFs may still be difficult to form feeder layers. Actually, similar frustrating experiences are quite common among other laboratories of the same kind. These highlight that MEFs cannot be obtained steadily by purchase. Secondly, the exorbitant prices of the commercial MEFs are apparently a heavy burden for many laboratories in the long run. This imposes another block. As a consequence, it is inevitable to raise mice and isolate MEFs by the researchers themselves for a lot of laboratories, despite this will bring new workloads.
CF1 mouse is an ideal source of fibroblasts (Eiselleova et al. 2008; Jozefczuk et al. 2012 ), but it is not available in many situations. Moreover, its expensive price makes up another shortcoming. Some laboratories have produced feeder layers using BALB/ c or Kunming White mice, and have got satisfying results. Due to the easy availability of these mice, they can be used to prepare feeder layers more conveniently than CF1. These reports provide valuable references for us, but just following suit often leads to undesirable consequences. So it is still necessary for researchers to select appropriate mouse and optimize the protocol according to their own conditions.
In the present study, we turned to ICR mouse, which was cheap enough and could be obtained at random from local animal laboratories. Through a comprehensive analysis on the key factors of the whole experimental process from MEFs isolation till feeder preparation, we developed an optimized protocol for gaining MEFs capable of preparing feeder layers, which provides a more reliable and economical way to solve the problems.
Materials and methods

Isolating mouse embryos
The adult male and female ICR mice (obtained from the Animal Laboratory in the Anhui Medical University with the permission of local Medical Ethics Committee) were put together at a ratio of 1:2. The female mice were checked every morning in the next days. The day on which vaginal plug appeared was recorded as 0.5 day post-coitum (DPC). At 12.5-17.5 DPC, the female mice were sacrificed, respectively, by cervical dislocation, and the whole mouse bodies were immersed into 75 % ethanol solution for more than 15 min for disinfection. The abdominal cavities of the female mice were opened and the whole uteri were dissected out under aseptic conditions, the embryos were separated from their placentas and rinsed with PBS without Ca 2? and Mg 2?
(Gibco, Life Technologies, Carlsbad, CA, USA) for three times to remove the residual blood. The embryonic bodies were isolated and minced with sterile ophthalmic scissors in different Petri dishes.
Culture of MEFs
The minced bodies were washed with sterile PBS for three times, and treated with 0.25 % trypsin (Beyotime, Jiangsu, China) at 37°C for 20 min, during which the bodies were pipette up and down thoroughly every 5 min to dissociate the cells, including MEFs. The MEFs were suspended with MEF medium, consisted of 90 % DMEM with GlutaMAX TM -I (Gibco) and 10 % fetal bovine serum (FBS, Hyclone, Logan, UT, USA), then they were collected into falcon tubes and centrifuged at 1,000 rpm for 5 min. Washed with MEF medium for two times, the MEFs were collected in T-75 flasks (1 embryo per flask, Corning, NY, USA) and incubated for proliferation at 37°C with 5 % CO 2 . The spent medium was changed with fresh MEF medium on the next day, the cells were cultivated continuously till day 3-7, during which the medium was changed routinely every 2 days.
Passaging
Having reached 80-90 % confluent, the MEFs were rinsed with PBS, and digested with 0.25 % of trypsin. After three washing steps, the MEFs were re-suspended with fresh MEF medium and distributed to new flasks for further culture.
Inactivation
At P2-P5, two inactivating approaches were carried out respectively. For the chemical inactivation method, when the MEFs had been cultured to 80-90 % confluent, mitomycin C (Biosharp, Miami, FL, USA) working solution was added into culture flasks to reach a series of terminal concentrations from 5 to 20 lg/ml, then the cells were incubated for 2-3.5 h at 37°C with 5 % CO 2 . The culture medium was removed thereafter, and the MEFs were washed with PBS for five times.
Subsequently, the MEFs were digested with 0.25 % of trypsin, washed with PBS for three times, and collected for immediate use or freezing storage.
The MEFs were also inactivated through irradiation method. When the fibroblasts reached 80-90 % confluence, they were placed under a medical linear accelerator (Siemens Primus M, Malvern, PA, USA) and irradiated with X-ray at 1.0-2.0 Gy/min until the total adsorbed dose reached 15-30 Gy. The irradiated MEFs were returned to cell incubator (RS Biotech Galaxy S), cultivated for another 1 h, and then they were digested with 0.25 % of trypsin. Undergone three washing steps, the MEFs were harvested for further use.
Freezing and thawing
After digestion, the inactivated MEFs were suspended with freezing medium, which consisted of 70 % DMEM with GlutaMAX TM -I, 20 % FBS and 10 % DMSO (Biosharp), at a density of 1 9 10 6 cells/ml. Then the freezing medium was distributed to sterile freezing tubes, and the tubes were put into a Nalgene freezing container, which had been filled with 250 ml of isopropyl alcohol and placed at room temperature for more than 8 h in advance. The container was placed immediately into a -80°C refrigerator overnight to ensure the MEFs cooled down at a rate of -1°C/min. The next morning, the cryovials were transferred into liquid nitrogen for long term cryopreservation.
At the time of thawing, the cryovials containing the growth-arrested MEFs were taken out from the liquid nitrogen tank, briefly rolled between hands to remove the frost, and swirled gently in a 37°C water bath. When only a small ice crystal remained, the vials were removed from the water bath. The outside of them was sprayed with 70 % ethanol before they were placed into a cell culture hood. Undergone two rinses with pre-warmed MEF medium, the cells were counted by a cytometer (Sysmex, Shanghai, China).
Feeder preparation and culture of hESCs
The growth-arrested MEFs were added into culture flasks, which had been coated with attachment factor (Gibco) previously, at a density of 2.5 9 10 4 cells/ cm 2 and incubated at 37°C with 5 % CO 2 . On the next day, the MEFs formed feeder layers. The MEF medium was then replaced by hESCs medium, every 100 ml of which consisted of 79 ml of DMEM/F12 with GlutaMAX TM -I (Gibco), 20 ml of knockout serum replacement (Gibco), 1 ml of non-essential amino acids solution (Gibco), 182 ll of 2-mercaptoethanol (Gibco) and 40 ll of basic FGF (Gibco). Subsequently, vials of thawed and twice washed hESCs (presented by Xiao Lei Laboratory at the Zhejiang University) were plated onto the layers, the flasks were then incubated at 37°C with 5 % CO 2 . The hESCs were further cultured continuously up to ten passages for subsequent analyses.
Growth rate evaluation
In passage selecting phase, to avoid the potential influences of cell masses, the MEFs of various passages were counted manually. Then they were plated and cultured for 1-7 days, after being digested, they were counted artificially again. The growth rates were then calculated and assessed separately.
In order to avoid the potential impacts of dead and damaged cells, the MEFs just undergone inactivation were counted manually too. After being cultured for 1-7 days, they were digested and counted with a Sysmex cytometer again. The inactivating effect was then evaluated. Dead cells were manually confirmed after being stained with trypan blue (Beyotime).
Treatment of the samples
In order to select MEFs of appropriate gestational age for feeder preparation, 30 samples were isolated at 12.5-17.5 DPC (6 samples/age group) and cultured for further study. After the best chemical inactivating method had been found, another 30 samples were isolated and used to prepare feeder layers according to the optimized protocols. The supporting capacity of these layers was evaluated by 30 cultures of hESCs, which were all maintained for ten passages.
In the passage selecting phase, 36 samples were included (6 samples/passage). The proliferation rates of every passage were compared, as well as the cell states. The better passages were then chosen for further research.
In the chemical inactivating process, 12 samples were collected and treated (P2-P5, three samples/ passage) using each combination of drug concentration and treating time (totally 20 methods were used for each sample). For every hopeful combination, including 10 lg/ml of mitomycin C for 3.0 h, 10 lg/ml for 2.5 h, and 15 lg/ml for 2.0 h, 12 cultures of hESCs were maintained up to ten passages, respectively, on the corresponding layers (P2-P5). Similarly, 9 MEF samples were selected (P3-P5, three samples/passage) for each irradiating combination of dose and dose rate (totally 12 combinations were utilized for each sample). For the two most promising methods, irradiating with X-ray at 1.5 Gy/min for 25 Gy and 2.0 Gy/ min for 20 Gy, nine and six cultures of hESCs were maintained for ten passages on the corresponding layers separately (P3-P5 and P3-P4). As a comparison, four cultures of hESCs were maintained for five passages on feeder layers, which were established with c-irradiated MEFs (GIBCO). The supporting capacity of the self-produced MEFs was then observed and evaluated.
Statistical analysis
The measurement data were given as mean ± SD. The differences among various passages, chemical inactivating approaches, irradiation methods were analyzed with SPSS 16.0 software using repeated measures The hESCs were all seeded on the feeder layers that derived from P3 MEFs, and had been inactivated with 10 lg/ml of mitomycin C for 3.0 h before feeder preparation ANOVA. P \ 0.05 was considered that the difference was statistically significant.
Results
Selection of gestational age
The culturing features of the MEFs obtained from mouse embryos at 12.5-17.5 DPC were specified in Table 1 . In general, short gestational age always linked to fine MEFs, with higher purity as well. Prolonged isolation led to remarkable decline in the MEFs' quality, in terms of cell morphology, growth rate, adapting capacity against inactivation and the supporting power for hESCs. So the optimal isolation time for MEFs is 12.5-13.5 DPC. Under some circumstances, it can be treated as an acceptable substitute to isolate MEFs at 13.5-15.5 DPC, which may be more practicable for subsequent research work.
Selection of passages
Generally speaking, the growth rates of P2-P7 MEFs declined remarkably with the rising passage number, which was more distinct between group P2-P5 and group P6-P7 (P \ 0.01) ( Table 2 ; Fig. 1 ). Meanwhile, the number of mixed cells in the culture vessels decreased steadily from P1 to P7. From P5, obvious catabiosis appeared. Moreover, obvious differentiation was observed in the hESCs plated on the layers of older passages. Taking all these into consideration, the MEFs of P2-P5 can all be used to prepare feeder layers. Furthermore, we specially recommend selecting P3 MEFs for the culture of high standard hESCs. Because of more unwanted cells mixed in the P0-P2 MEFs, it is appropriate to exclude P2 for preparing good quality feeder layers. These choices will be helpful to assure both the quality and the quantity of the gained MEFs.
Inactivation with mitomycin C Compared with the MEFs inactivated with low concentration of mitomycin C, those treated with higher concentration usually showed slower growth rates (P \ 0.01) ( Table 3 ; Fig. 2) , with decreased attachment ability. Meanwhile, the quantity of suspended cells rose steadily, and the dead MEFs increased sharply after being treated with more than 15 lg/ml of mitomycin C. Short treating time related Fig. 2 ). This suggested that ultrahigh concentration of mitomycin C or excessive long treating time could achieve the goal of arresting the growth of MEFs, but would also bring massive suspension cells, and lead to poor growth ability to the subsequently plated hESCs. Balancing the pros and cons, it will be appropriate to inactivate MEFs with 10 lg/ml of mitomycin C for 3 h routinely. In special situations, treating the MEFs with 10 lg/ml of mitomycin C for 2.5 h, or 15 lg/ml for 2.0 h can serve as alternative methods (Fig. 2) .
Inactivation by X-ray irradiation
Due to low purity of P2 cells commonly appearing in chemical inactivation phase, they were excluded in irradiation experiments. P3-P5 MEFs were irradiated separately with X-ray, the results revealed that there were significant differences among the groups of various absorbed doses (P \ 0.01), absorbed dose rate (P \ 0.01) and passages (P \ 0.01). In general, low absorbed dose or absorbed dose rate usually brought inadequate inactivation effect, high absorbed dose or absorbed dose rate often caused appropriate or even excessive inactivation effect (Table 4 ; Fig. 3 ). For the P3-P4 cells, it was perfect to be irradiated at 1.5 Gy/ Fig. 1 Passage selection of MEFs for feeder preparation. P1 MEFs proliferated fast but with low purity (a), the feeder layers originated from inactivated P2 MEFs also showed many unwanted cells (b). The growth-arrested P3 cells could be used to prepare high standard feeder layers (c). All bright field images were taken at 940, with an Olympus CKX41 microscope, a QIMAGING MicroPublisher 3.3 RTV camera and QCapture software. Cell numbers of each passage revealed that the expanding rate of MEFs declined from P2 to P7. The most significant difference appeared between group P2-P5 and group P6-P7 (d) min for 25 Gy of absorbed dose, or at 2.0 Gy/min for 20 Gy; for P5, the optimal condition was merely at 1.5 Gy/min for 25 Gy (Table 4 ; Fig. 3 ). So it is reasonable to irradiate P3-P5 MEFs at 1.5 Gy/min for 25 Gy commonly.
Furthermore, we plated hESCs on the feeder layers having been irradiated at 1.5 Gy/min for 25 Gy (P3-P5) or at 2.0 Gy/min for 20 Gy (P3-P4), and cultured them under ordinary conditions. They showed no visible differences with those cultured on mitomycin C treated or c-irradiated layers, in terms of proliferation rates, morphology and differentiation states. This provided another proof that the X-ray irradiating methods can meet the demands of cultivating hESCs in common laboratories.
Discussion
MEFs have now been widely used to sustain the growth of hESCs or iPSCs in vitro, and proper preparation of feeder layers becomes a prerequisite for relevant studies. The quality of feeder layers is affected by many factors, such as trypsin concentration, digesting time, the formula of culture medium, etc. Here, we adopted the most commonly used conditions in these aspects, and focused on optimizing the most decisive factors described above.
We recommend picking the embryos at 12.5-13.5 DPC for isolation, but actually the MEFs reaped at 13.5-15.5 DPC are all acceptable for use. Considering the heavy labor load demanded in the isolation Day1 represents the cell numbers per well of a 12-well plate, which were counted manually just after the seeding of cells. Day3 means the corresponding data got by a cell counter on the 3rd day after seeding, and so on. Differences were considered significant when P \ 0.05 process, it is inevitable to separate a large batch of pregnant mice of the same gestational age into several batches for isolation, so acquiring MEFs at 13.5-15.5 DPC is needed in many scenarios. Passage number is another key element for successful feeder preparation. Most researchers advised to choose P2-P3 MEFs for use because of their high expanding rate, which links to remarkable sustaining ability for ESCs. Our results indicated that P4-P5 cells are suitable for the purpose too. From our point of view, the P4-P5 MEFs can bring about more available feeder resources, and increase the practicability of the approaches.
Compared with irradiation approaches, chemical inactivation methods can be operated at random without any special equipment, so it is popular among relevant laboratories. Our results revealed the best choice is treating MEFs with 10 lg/ml of mitomycin C for 3 h, while most protocols recommended by others advised to inactivate MEFs with 10 lg/ml of mitomycin C for 2.0-2.5 h (Richards et al. 2002 (Richards et al. , 2003 Nieto et al. 2007; Jozefczuk et al. 2012; Aoshima et al. 2013) . We believe the difference mainly comes from the disparate culture media, mitomycin C, the strains of mouse, etc. This also implies that it is still necessary to re-optimize the Fig. 2 Inactivation effects of mitomycin C. The MEFs inactivated with 10 lg/ml of mitomycin C for 3 h (a), or with 15 lg/ml for 2.0 h (b) could both be used to prepare feeder layers, on which the hESCs grew well in an undifferentiated state (e). The MEFs treated with 15 lg/ml of mitomycin C for 2.5 h (c), or 20 lg/ml for 2.0 h (d) both brought about many suspension cells in feeder layers. All bright field images were taken at 940, using an Olympus CKX41 microscope, a QIMAGING MicroPublisher 3.3 RTV camera and QCapture software. The MEFs inactivated with concentration series of mitomycin C for different time showed great differences in the number of attached cells during subsequent feeder preparation (f-i), treating MEFs with 10 lg/ml of mitomycin C for 3 h or 2.5 h, or 15 lg/ml for 2.0 h could all meet the demand of inactivation (a, b, e, g, h) proposed protocols, according to the real conditions of a certain laboratory. The irradiation method owns a series of unique merits: The researchers can inactivate a large amount of MEFs easily, without being afraid of bringing any contaminants, as the whole process dispenses with opening any culture vessels; meanwhile, due to nothing needs to be added, no washing steps must be carried out after irradiation, which are strictly required in chemical inactivation, so the method may remarkably reduce the workload. Previous studies usually exploited c-ray emitted by Co60 to irradiate MEFs, this might bring heavy radioactive contamination, for the c-ray was generated constantly regardless of whether it was needed. The X-ray used in this study was generated by an electronic linear accelerator. During the whole process, no radioactive materials were added, so it could cause very limited radioactive pollution. If problems appeared during the irradiating process, we could just suspend the X-ray generating program and solve them at will, without worrying about any harmful irradiation, for no X-ray existed at the moment. Due to no valuable references could be found, we tried to inactivate MEFs with X-ray, referring to the procedures of Co60 and the routine approaches for killing leukocytes within human blood components with X-ray prior to clinical blood transfusion. Our innovation proved for the first time that X-ray can also be utilized to inactivate MEFs. The results revealed that the best method is to irradiate P3- Fig. 3 Inactivation effects of X-ray. The P3 MEFs irradiated with X-ray at 1.5 Gy/min for 25 Gy (a), or at 2.0 Gy/min for 20 Gy (b) could both be used to establish high quality feeder layers, on which the hESCs grew well in an undifferentiated state (d, e). The MEFs irradiated with X-ray at 2.0 Gy/min for 25 Gy showed excessive inactivation, with more suspension cells after feeder preparation (c). All bright field images were taken at 940, with an Olympus CKX41 microscope and a QIMAGING MicroPublisher 3.3 RTV camera manipulated by QCapture software. Quantities of the irradiated MEFs showed significant differences among the groups of various absorbed dose and various absorbed dose rates (f-i). It is reasonable to irradiate P3-P5 MEFs at 1.5 Gy/min for 25 Gy routinely (a, d, h) P5 MEFs with X-ray at 1.5 Gy/min for 25 Gy, which is noticeably lower than the proposed levels of c-ray (Unger et al. 2009; Hongisto et al. 2012; Burt et al. 2012) . These suggest that it is reasonable to replace the Co60 irradiation in the future.
Mitomycin C and c-irradiation were usually considered to be equal in terms of inactivation effect. Some reports suggested the chemical inactivation led to reduced expression of some ligands and cytokines in MEFs, whereas similar changes did not appear in cirradiated feeder cells (Roy et al. 2001) . Meanwhile, after mitomycin C treatment, the percentage of apoptotic or necrotic cells substantially increased (Nieto et al. 2007) . These indicate that feeder cells treated with mitomycin C may be less efficient in longterm cell culture systems, and comprehensive comparisons should yet be carried out to further clear up the problem.
The factors discussed above cover all the crucial aspects of a whole protocol for the preparation of feeder layers. Compared with direct buying MEFs from market, our method enables us to obtain MEFs more steadily, reliably and economically. Compared with gaining MEFs from CF1 mice, using ICR mice brings more practicability and convenience, meanwhile it can also reduce the cost significantly. So we believe the present methods make a more favorable option for feeder preparation.
